Abstract NF-jB and Akt are two main cell survival pathways that attenuate the anticancer efficacy of therapeutics. Our previous studies demonstrated that the Smac mimetic compound 3 (SMC3) specifically suppresses c-IAP1 and induces TNF-a autocrine to kill cancer cells. However, SMC3 also induces a cell survival signal through NF-jB activation. In this report, we further found that SMC3 potently activates Akt, which inhibits SMC3-induced cancer cell death. Strikingly, concurrent blocking NF-jB and Akt resulted in a significantly potentiated cytotoxicity. Because heat shock protein 90 (Hsp90) plays an important role in maintaining the integrity of both the NF-jB and Akt pathways in cancer cells, we examined if suppression of Hsp90 is able to potentiate SMC3-induced cancer cell death. The results show that targeting Hsp90 does not interfere with SMC3-induced c-IAP1 degradation and TNF-a autocrine, the key processes for SMC3-induced cancer cell apoptosis. However, Hsp90 inhibitors effectively blocked SMC3-induced NF-jB activation through degradation of RIP1 and IKKb, two key components of the NF-jB activation pathway, and reduced both the constitutive and SMC3-induced Akt activity through degradation of the Akt protein. Consistently, with the co-treatment of SMC3 and Hsp90 inhibitors, apoptosis was markedly sensitized and a synergistic cytotoxicity was observed. The results suggest that concurrent targeting c-IAP1 and Hsp90 by combination of SMC3 and Hsp90 inhibitors is an effective approach for improving the anticancer value of SMC3.
multiple cell survival pathways could be simultaneously activated, resulting in more than one checkpoint to facilitate cancer cell's escape from therapy [1] . Therefore, to understand how cell survival signaling is regulated during chemotherapy and to develop means to suppress cell survival signaling in cancer cells hold the key for improving anticancer chemotherapy.
The transcription factor nuclear factor-jB (NF-jB) is often activated in different human tumors [2] [3] [4] . Because it up-regulates expression of numerous anti-apoptotic genes, NF-jB is regarded as a main cancer cell survival signal that inhibits cytotoxicity induced by chemotherapy [5, 6] . While cancer therapeutics kill cancer cells through apoptosis, they also simultaneously stimulate NF-jB, blunting their anticancer efficacy [7, 8] . Akt is another important cell survival signal that contributes to cancer cell's chemoresistance. Basal and therapeutic-induced Akt activations are found to promote cancer cell survival [9, 10] . Akt protects cancer cells partly through regulating factors involved in apoptosis and proliferation such as Bcl-2 family proteins BAD and Mcl-1, inhibitor of apoptosis protein (IAP) survivin, mammalian target of rapamycin (mTOR) and Cox-2 [11] [12] [13] [14] [15] . More importantly, there is crosstalk between Akt and NF-jB to further promote cell survival [7] . As in regard of anticancer therapy, blocking either NF-jB or Akt is well determined to sensitize cancer cells to therapeutic-induced cytotoxicity [7, 12, 13, 16, 17] . Furthermore, concurrent blockage of NF-jB and Akt has been shown to be more effective in enhancing the anticancer potency of genotoxic anticancer drugs and TNF-a [18, 19] .
Hsp90 (heat shock protein 90) is a protein chaperon that maintains the stability and function of various signaling proteins involved in cell proliferation, growth and survival. Hsp90 inhibitors induce degradation of the Hsp90 client proteins by disrupting their interaction with Hsp90. Because many cancer cells are addicted to high Hsp90 activity for survival and proliferation, Hsp90 inhibitors are anticancer therapeutics which are tested in clinical trials [20] . Among the Hsp90 client proteins there are key components for both the NF-jB and Akt pathways. For example, RIP1 and IKKb, two critical molecules for the NF-jB activation, are degraded when Hsp90 is inhibited in cancer cells, leading to blockage of the TNF-a-induced NF-jB activation pathway [21, 22] . The Akt protein is also an Hsp90 client, which is dramatically destabilized when Hsp90 is inhibited [20] . Therefore, the concurrent NF-jB and Akt blocking property of Hsp90 inhibitors makes these chemicals a good adjuvant for anticancer chemosensitization.
Smac (Second mitochondria-derived activator of caspases, also called direct IAP binding protein with low isoelectric point) is a mitochondrial protein that is released in the early phase of apoptosis. When relocated to the cytosol, Smac promotes apoptosis through counteracting inhibitor of apoptosis proteins, a protein family that negatively regulates apoptosis through increasing apoptotic threshold. Recently developed Smac mimetics (SMs) have shown potent anticancer activity [23] [24] [25] [26] . One of the SMs, Smac mimetic compound 3 (SMC3), enhances apoptosis through specific elimination of c-IAP1 and induction of TNF-a autocrine [23, 27] . Our recent studies showed SMC3 activates the NF-jB pathway that blunts SMC3's anticancer activity, and blockage of NF-jB effectively sensitizes cancer cells to SMC3-induced apoptosis [28, 29] .
In this study, we demonstrate that SMC3 potently induces Akt activation, which cooperatively with NF-jB to attenuate apoptosis in different cancer cells. Strikingly, Hsp90 inhibitors concurrently block SMC3-induced activation of NF-jB and Akt while do not interfere with the apoptosis-inducing mechanisms of SMC3. When Hsp90 inhibitors and SMC3 were combined in treating cancer cells, a synergistic cytotoxicity was achieved. The results suggest that concurrently targeting c-IAP1 and Hsp90 by combination of SMC3 and Hsp90 inhibitor is a useful approach to achieve enhanced anticancer efficacy through suppressing the survival pathways NF-jB and Akt.
Materials and methods

Reagents and antibodies
SMC3 was a generous gift from Dr. Xiaodong Wang, University of Texas Southwest Medical Center. Hsp90 inhibitors, 17AAG, CCT018159 and rifabutin were purchased from Sigma (St. Louis, MO) and Calbiochem (La Jolla, CA), respectively. IKK inhibitor II and LY294002 were from Calbiochem. The following antibodies were used for Western blot: anti-caspase-8 and anti-caspase-3 (Pharmingen, San Diego, CA), anti-PARP (BioSource, Camarillo, CA), anti-Bcl-xL, anti-Akt, anti-phospho-Akt (Ser 473 ) (Cell Signaling, Beverly, MA), anti-MnSOD (BD Biosciences, San Diego, CA), anti-RIP1, anti-IKKb, antib-tubulin (Sigma, St. Louis, MO), anti-cIAP1, anti-cIAP2 (Santa Cruz, CA). The human TNF-a detection ELISA kit was purchased from eBioscience (San Diego, CA). Short interfering RNAs (siGENOME SMARTpool) for RelA and Akt (pooled siRNAs against Akt1, Akt2 and Akt3) were purchased from Dharmacon (Lafayette, CO). Non-targeting siRNA (Silencer Ò negative control #1 siRNA) were obtained from Ambion (Austin, TX).
Cell culture
The human lung cancer cell line H23, and human hepatoma cell line HepG2 were obtained from American Type Culture Collection (Manassas, VA). H23 cells were cultured in RPMI 1640 with 10% fetal bovine serum, 1 mmol/l glutamate, 100 units/ml penicillin, and 100 lg/ml streptomycin. HepG2 cells were cultured in DMEM with 4.5 g/l glucose, 10% fetal bovine serum, 1 mmol/l glutamate, 100 units/ml penicillin, and 100 lg/ml streptomycin. HBEC-1 and HBEC-2 cells, human bronchial epithelial cells immortalized by insertion of cyclin-dependent kinase 4 and human telomerase reverse transcriptase [30] , were provided by Drs. Jerry Shay and John Minna (University of Texas Southwestern Medical Center) and cultured in keratinocyte serum-free medium on collagen-coated plates.
Cytotoxicity assay
Cytotoxicity was determined using a lactate dehydrogenase (LDH) release-base cytotoxicity detection kit (Promega, Madison, WI). Cells were seeded in 48-well plates at 70-80% confluence. After culture overnight, cells were treated as indicated in each figure legend. LDH release was measured and cell death was calculated as described previously [12, 31] . For measuring apoptotic cell death, H23 cells were treated as described in the figure legend. The cells were collected and stained with propidium iodide (100 lg/ml) for 30 min and detected by flow cytometry with FACSCalibur (BD Biosciences). Cell distribution at Sub-G1, which was regarded as apoptotic cells, was analyzed with the CellQuest program (BD Biosciences).
Measurement of autocrine TNF-a secretion by ELISA Cells were seeded in 12-well plates at 70-80% confluence. After overnight culture, the cells were treated as described in the figure legends. The culture media were collected and the concentration of TNF-a was detected by ELISA analysis with the human TNF-a ELISA kit following the instructions of the manufacturer (eBioscience Inc.) [29] .
Western blot
Cells were harvested and lysed in M2 buffer (20 mM TrisHCl, pH 7.6; 0.5% NP-40; 250 mM NaCl; 3 mM EGTA; 3 mM EDTA; 2 mM DTT; 0.5 mM phenylmethylsulfonyl fluoride; 20 mM b-glycerophosphate; 1 mM sodium vanadate; and 1 lg/ml leupeptin). Equal amounts of protein extracts were resolved in 12% SDS-PAGE and the proteins of interest were probed by Western blot and visualized by enhanced chemiluminescence according manufacturer's instructions (Amersham, Piscataway, NJ) [18, 32] .
Transfection and luciferase report assay Cells grown in 24-well plates were transfected with p59jB-Luc and pRSV-LacZ with FuGENE 6 according to manufacturer's instruction (Roche, Indianapolis, IN). Twenty-four hours after transfection, cells were treated as indicated in each figure legend. Luciferase activity was measured using a luciferase assay kit (Promega) and normalized to b-galactosidase activity [33] . siRNA was transfected with INTERFERin TM (PolyPlus-transfection). Forty-eight hours after transfection, cells were treated with SMC3 as described in figure legends and then followed by Western blot or cell death assay.
Statistical analysis
Data are expressed as means ± standard deviation (SD). Statistical significance was examined by one-way analysis of variance (ANOVA) pairwise comparison. To assess the potential for interactions between factors, we included interaction terms in the models. When tests indicated an interaction, 95% confidence intervals for the differences in means were obtained to assess the magnitude of the interaction. In all analyses, P \ 0.05 was considered statistically significant [28, 29] .
Results
SMC3-induced Akt activation protects cancer cells against cytotoxicity
Our previous studies found SMC3 activates NF-jB through autocrine TNF-a, which blunts apoptosis [28, 29] . However, it is unclear if SMC3 activates Akt. To address this question, H23 cells were treated with SMC3 for different time periods, and phosphorylated Akt (at Ser 473 ), an active form of Akt, was detected by Western blot. As shown in Fig. 1a , Akt activation was rapidly induced by SMC3, starting at 30 min, peaking at 1 h and stayed at a high level for at least 8 h. Akt activation by SMC3 was also observed in HepG2 cells ( Fig. 3c and data not shown). To see if Akt is required for SMC3-induced TNF-a secretion, a key process for SMC3's cytotoxicity in cancer cells [27] , the specific inhibitor LY294002 for the Akt upstream kinase PI3K was used to suppress Akt activity. Akt is unlikely involved in SMC3-induced TNF-a secretion because LY294002 had no detectable effect on this action of SMC3 (Fig. 1b) . Similar observation was made when another Akt inhibitor quercetin was used (data not shown). We then examined if blocking Akt with LY294002 impacts SMC3-induced cell death. There was a limited cytotoxicity when the cells were treated with a moderate concentration of SMC3 or LY294002 individually. However, the co-treatment of LY294002 and SMC3 resulted in a potentiated cell death (Fig. 1c) . LY294002 was confirmed to effectively suppress both the basal and SMC3-induced Akt activity (Fig. 1d) . To further substantiate the role of Akt in regulating SMC3-induced cytotoxicity, Akt-siRNA was used to specifically knockdown Akt protein expression in H23 cells. Consistent with the results with LY294002, efficient knockdown of Akt expression and activity significantly enhanced SMC3-induced cell death (Fig. 1e . Similar role of Akt activation in regulating SMC3-induced cell death was also detected in HepG2 cells (Figs. 1f, 2e ). These results indicate that SMC3 activates Akt, which attenuates cytotoxicity induced by this Samc mimetic.
NF-jB and Akt cooperatively attenuate SMC3-induced cytotoxicity
Our previous and present studies demonstrate both NF-jB and Akt are activated to inhibit SMC3-induced cell death, ) were detected by Western blot. b-tubulin was detected as an input control. b H23 cells were pretreated with LY294002 (10 lM) for 1 h followed by SMC3 (25 nM) treatment for the indicated times or left untreated. The concentrations of TNF-a in culture media were measured by ELISA and expressed as mean ± SD (n = 3). c H23 cells were pretreated with LY294002 (10 lM) for 1 h followed by SMC3 (25 nM) treatment or left untreated for 30 h. Cell death was measured by LDH leakage assay (n = 3). * P \ 0.05. d H23 cells were pretreated with LY294002 (10 lM) for 1 h followed by SMC3 (25 nM) treatment for additional 1 h. Akt and phosphor-Akt (Ser   473   ) were detected by Western blot. b-tubulin was detected as an input control. e H23 cells were mock transfected or transfected with 5 nM pooled siRNA against Akt1, Akt2, and Akt3 or negative control siRNA. Forty-eight hours after transfection, the cells were treated with 25 nM SMC3 or left untreated for 30 h. Cell death was measured as described in c (n = 3). Inset knockdown of Akt was confirmed by Western blot in H23 cells. * P \ 0.05. f HepG2 cells were pretreated with LY294002 (10 lM) for 1 h followed by SMC3 (50 nM) treatment or left untreated for 30 h. Cell death was measured as described in c (n = 3). * P \ 0.05 promoting us to investigate whether concurrent blockage of these cell survival pathways cooperatively potentiates SMC3-induced cytotoxicity in cancer cells. To this end, IKK inhibitor II that suppresses the NF-jB pathway and LY294002 that inhibits the Akt pathway were used to treat the cells individually or in combination before SMC3 exposure. IKK inhibitor II was confirmed to effectively suppress the canonical NF-jB activation pathway (Fig.  S1 ). While the IKK inhibitor or LY294002 individually slightly increased cell death, the combination of both caused significantly higher SMC3-inuced cytotoxicity in H23 and HepG2 cells (Fig. 2a, b) . To validate the results, Akt-siRNA and RelA-siRNA were used to suppress Akt and RelA expression, respectively in H23 and HepG2 cells. As expected, while the control siRNA had little effect, and RelA-siRNA and Akt-siRNA slightly increased cytotoxicity, combination of RelA-siRNA and Akt-siRNA significantly augmented SMC3-induced cell death (Fig. 2c,  e) . The efficiency of knockdown of RelA or Akt expression was confirmed by Western blot (Fig. 2d, f) . These results strongly suggest that NF-jB and Akt cooperatively attenuate SMC3-induced cell death, and concurrently blocking these two pathways potently sensitizes cancer cells to cytotoxicity induced by SMC3.
Hsp90 inhibitors simultaneously block SMC3-induced NF-jB and Akt activation Hsp90 inhibitors are able to suppress both the NF-jB and Akt pathways activated by different inducers [20] . We then examined whether Hsp90 inhibitors block SMC3-induced NF-jB and Akt activation. In both H23 and HepG2 cells, 
negative control siRNA. Forty-eight hours after transfection, the cells were treated with SMC3 or left untreated for 30 h. Cell death was measured as described in (a) (n = 3). * P \ 0.05. d H23 cells were transfected as described in c and the indicated proteins were detected by Western blot. b-tubulin was detected as an input control. e HepG2 cells were transfected and treated, and cell death was detected as described in (c) (n = 3). * P \ 0.05. f. Confirmation of knockdown of protein expression as described in (d)
the Hsp90 inhibitor 17AAG caused dramatic degradation of RIP1 and IKKb, two critical components for TNF-ainduced NF-jB activation, regardless of the presence of SMC3. The induction of the two NF-jB targets Bcl-xL and MnSOD by SMC3 was effectively blocked by 17AAG, suggesting targeting Hsp90 by 17AAG effectively blocks SMC3-induced NF-jB activation (Fig. 3a) . Effective suppression of SMC3-induced NF-jB activation by 17AAG and other two Hsp90 inhibitors rifabutin and CCT018159 was also detected in H23 and HepG2 cells by a luciferase reporter assay (Fig. 3b) . These results are consistent with previous reports [21] , and indicate that SMC3 does not interfere with the function of the Hsp90 inhibitor. Suppression of Hsp90 by 17AAG also caused decrease in Akt protein expression levels and blocked basal and SMC3-induced Akt activation in H23 and HepG2 cells (Fig. 3c) . These results suggest that Hsp90 inhibitors are able to concurrently suppress SMC3-induced NF-jB and Akt activation in cancer cells.
Hsp90 inhibitors do not interfere with SMC3-induced c-IAP1 degradation and TNF-a secretion in cancer cells
Having confirmed that Hsp90 inhibitors effectively block SMC3-induced NF-jB and Akt activation in cancer cells, we then performed experiments to determine if these inhibitors impact SMC3-induced c-IAP1 degradation and TNF-a secretion, two critical processes for SMC3's cancer cell killing activity [23, 27] . Indeed, regardless of the presence of 17AAG, SMC3 effectively triggered c-IAP1 degradation (Fig. 4a) . As reported previously [27, 29] , SMC3 had marginal effect on c-IAP2 expression. There ) and Akt were detected by Western blot. b-tubulin was detected as an input control Fig. 4 No effect of Hsp90 inhibitors on SMC3-induced c-IAP1 degradation and TNF-a secretion. a H23 cells were pre-treated with 17AAG for 10 h followed by SMC3 for the indicated times. c-IAP1 and c-IAP2 were detected by Western blot. b-tubulin was detected as an input control. b H23 or HepG2 cells were pretreated with 17AAG (50 nM) for 10 h followed by SMC3 treatment (50 nM) for the indicated times. The concentration of TNF in cell culture media was measured by ELISA. c H23 cells were pretreated with CCT018159 (10 lM) or rifabutin (10 lM) for 10 h followed by SMC3 treatment (50 nM) for the indicated times. The concentration of TNF in cell culture media was measured by ELISA was no detectable effect on c-IAP1 and c-IAP2 expression by 17AAG alone (Fig. 4a) . In addition, induction of TNF-a secretion by SMC3 was not affected by 17AAG, CCT018159 or Rifabutin in H23 and HepG2 cells (Fig. 4b , c, and data not shown). Altogether, these data demonstrate that Hsp90 inhibition has no effect on c-IAP1 degradation and TNF-a autocrine induced by SMC3, and thus, is unlikely to interfere with the apoptosis pathway activated by SMC3.
Inhibiting Hsp90 enhances SMC3-induced apoptosis
After establishing that Hsp90 inhibitors suppress SMC3-stimulated NF-jB and Akt activation while do not interfere with SMC3-induced c-IAP1 degradation and TNF-a autocrine, we next examined whether co-treatment with SMC3 and Hsp90 inhibitors results in enhanced apoptosis. Consistent with previous report that SMC3 kills cancer cells through autocrine TNF-a-mediated activation of the extrinsic apoptosis pathway, SMC3 alone moderately activated caspase-8, the initiator caspase for the extrinsic apoptosis pathway [27, 29] , which was detected at a late time point (24 h) (Fig. 5a, b) . The activation of caspase 3 and cleavage of PARP was weakly detected at 24 h post treatment by SMC3 alone. Strikingly, when cells were co-treated with 17AAG and SMC3, the activation of caspase-8 was strongly potentiated and occurred much earlier (8 h), suggesting that the SMC3-induced extrinsic apoptosis pathway was sensitized by 17AAG. Consistently, activation of caspase-3 and cleavage of PARP were much stronger and occurred earlier (Fig. 5a, b) . In addition, we examined sub-G1 distribution, another approach to detect apoptosis, by flow cytometry. Combination of 17AAG and SMC3 significantly increased the sub-G1 population, compared to the cells treated with 17AAG or SMC3 alone (Fig. 5c) . In the samples with 17AAG plus SMC3 treatment, dead cells showed typical apoptotic morphological features (data not shown). Collectively, these data suggest that inhibiting Hsp90 sensitizes SMC3-incuced apoptosis in cancer cells.
Combination of Hsp90 inhibitors and SMC3 causes synergistic cytotoxicity in cancer cells
We then examined whether Hsp90 inhibitor and SMC3 cooperatively kill cancer cells. In H23 cells, potentiation of cell death in a dose-dependent manner was detected with increasing concentrations of 17AAG plus a fixed concentration of SMC3; and vise versa (Fig. 6a, b) . Similar effects were observed when other Hsp90 inhibitors, CCT018159 and rifabutin, were combined with SMC3 in treating H23 and HepG2 cells (Fig. 6c, d) . The cell killing effect of 17AAG and SMC3 combination is much greater than the sum of the effects of treatment with the two agents individually (P \ 0.01), suggesting a synergy in cytotoxicity was achieved in the drug combination (Fig. 6a, d ). Consistently, the synergistic cytotoxicity by SMC3 plus 17AAG was dependent on TNF-a, suggesting that the synergistic cytotoxicity caused by SMC3 plus Hsp90 inhibitors involves the TNF-a autocrine-mediated extrinsic apoptosis pathway (Fig. S2) . It is noteworthy that the combination of Hsp90 inhibitors and SMC3 had marginal effect in non-transformed human normal bronchial epithelial cells (HBEC-1 and -2), suggesting that this anticancer approach is non-toxic in normal bronchial epithelial cells (Fig. 6e) . Together with the results that inhibiting Hsp90 concurrently blocks SMC3-induced NF-jB and Akt activation, these data suggest that Hsp90 inhibitors sensitize cancer cells to SMC3-induced cytotoxicity at least partly through blocking these two cell survival pathways.
Discussion
In this report, we provide evidence showing that in addition to NF-jB, the specific c-IAP1 inhibitor SMC3 also potently activates Akt, which blunts SMC3's anticancer activity. Concurrent blocking NF-jB and Akt significantly sensitizes cancer cells to SMC3-induced cytotoxicity. We [34] , the recently developed SMC3 activates the extrinsic apoptosis pathway through autocrine TNF-a [23, 27] . As a potential mechanism for cancer cells' response to therapeutic stress and acquired chemoresistance, cell survival pathways are also activated when the cells are exposed to therapeutics. Therefore, shifting the balance between pro-death and pro-survival to the side of death through either enhancing apoptosis signals or blocking survival pathways holds the key for improving anticancer efficacy and preventing chemoresistance. Our previous reports have determined that SMC3 induces the canonical NF-jB activation depending on TNF-a autocrine, which attenuates apoptosis [28, 29] . Results from this study demonstrate that SMC3 also simultaneously induces Akt, which is another brake for SMC3's anti-tumor activity. It is unlikely that SMC3 activates Akt through NF-jB as observed in NIH3T3 cells [35] , because effective blocking NF-jB had no detectable effect on SMC3-induced Akt activation (Fig. S3) . In addition, SMC3 exerted no effect on phosphorylation of the PI3K p85 subunit (Fig. S3) . Therefore, how Akt is activated by SMC3 deserves further studies. While individually blocking NF-jB or Akt slightly increased SMC3-induced cytotoxicity, concurrent suppression of these two survival pathways potentiated anticancer effect of SMC3 in a much higher extent. Consistently, a recent report clearly showed that both NF-jB and Akt are involved in SMC3-resistance in cancer cells [36] . These observations suggest that blocking multiple cell survival pathways activated by chemotherapy would more effectively increase therapeutic efficacy. Consistent with this view, other chemotherapeutics such as cisplatin, etoposide and TNF-a activate both NF-jB and Akt, and concurrently blocking both pathways potently improves their anticancer efficacy [18, 19] .
Aiming to concurrently block NF-jB and Akt to sensitize SMC3's anticancer activity, we chose Hsp90 inhibitors because inhibiting Hsp90 is able to simultaneously turn off these two cell survival pathways [20] [21] [22] . Indeed, Hsp90 is often utilized for survival by various human cancer cells, and Hsp90 inhibitors are potential anticancer agents tested in preclinical studies or clinical trials [37, 38] . As expected, inhibiting Hsp90 decreased the expression of RIP1 and IKKb, two key mediators for the TNF-a-activated NF-jB pathway, which consequently blocked SMC3-induced NF-jB activation. The protein level and activity of Akt were also simultaneously suppressed in Hsp90-inhibited cells. These results show that Hsp90 blocks SMC3-induced NF-jB and Akt activation. On the other hand, Hsp90 inhibitors do not affect SMC3-induced c-IAP1 degradation and TNF-a autocrine, two critical processes for SMC3-induced cancer cell apoptosis. Therefore, SMC3 and the Hsp90 inhibitors do not interfere with each other's anticancer function while the combination of them can effectively block the unwanted survival signals, making the combination of these two types of anticancer agents an ideal approach for cancer therapy.
It should be noted that Hsp90 regulates a wide variety of proteins and pathways such as EGFR, Her2 and HIF-1a that are involved in cancer cell survival and proliferation [20] . Our results do not exclude involvement of other Hsp90 client proteins in the synergistic cytotoxicity achieved by combining SMC3 and Hsp90 inhibitors. Nevertheless, our studies clearly show that the combination of these two anticancer agents potently increases anticancer activity. The application of this combination could reduce the doses of each drug so that to limit adverse effects and make it more tolerable in patients. Additionally, because activation of cell survival pathways contributes to chemoresistance [7] , the combination of Hsp90 inhibitors with SMC3 to block NF-jB and Akt may prevent the development of acquired resistance to SMC3.
Taken together, based on the observations that combination of Hsp90 inhibitors and SMC3 has a synergy in killing cancer cells partly through blocking NF-jB and Akt, our results suggest a new regimen that combines these anticancer agents for cancer therapy. Further in vivo studies are warranted to verify the anticancer efficacy and side effect of this regimen. It would be also interesting to determine whether this combination therapy limits acquired chemoresistance.
